An increasing interest has been manifested in the use of ionic liquids (ILs) as solvents for the dissolution of wool keratin due to their tunable and excellent properties, despite the fact that it is still a challenge that ILs with different structures have distinct dissolution capabilities for wool. In this study, a series of 1,5- 521 K, respectively) than that from other ILs. Moreover, the break ratio of the disulfide bond is reduced to only 53.46%. In addition, [DBNE]DEP could be easily reused at least 5 times with stable structures and good dissolving ability, and the non-newtonian index, n, of the DEP IL/keratin solutions is all about 0.8, which means that the DEP IL/keratin solution has good prospects in terms of spinning.
Introduction
With the inevitable depletion of the petroleum-based resources, there has been increasing worldwide interest in nding alternative resources such as biopolymers.
1,2 Wool, which consists of approximately 95 wt% pure keratin, 3 is a type of degradable natural biopolymer and is extensively used in the textile industry because of its excellent elasticity and warmth properties. It also contains about 11-17% cysteine, which serves as crosslinking sites to form water-stable bers. [4] [5] [6] However, note that secondary pollution and resource waste are caused by tons of non-spin wool keratin and waste wool keratin textile discarded each year, which indicates that it is not only valuable but also challenging to recover and reuse waste wool.
2,7
Efficient dissolution of keratin is the basis of reusing waste wool keratin. 8 However, it is difficult to dissolve wool keratin in conventional solvents due to the tight packing of the secondary structures in the polypeptide as well as the inter-and intramolecular strong hydrogen bonds and disulde bonds.
9,10
Many methods, such as reduction, 1, 11, 12 oxidation, 1,12,13 sultol-ysis, 1, 14, 15 and acid-alkali, have been explored to dissolve wool. 16 However, the keratins regenerated from these traditional methods have a lower molecular weight and poor spinnability due to serious damage and degradation. Moreover, the solvents used in these traditional methods are oen toxic and difficult to recycle. New and efficient solvents are required to help unlock the promise of keratin dissolution, and in this regard, the eld of ILs might actually live up to its tremendous potential. 7, 17 As a new class of designer solvents, ILs can dissolve a large number of biopolymers, such as, feathers, 10, 18, 19 cellulose, [20] [21] [22] [23] wool, 2,24,25 chitosan, 26, 27 lignin, 28 and silk, 29, 30 with high efficiency, due to their unique properties such as high thermal stability, tunable properties, and good dissolving ability. 8 Promising results for the dissolution of keratin in ILs have also been obtained. Xie et al. reported the rst example of a single solvent that was able to dissolve the wool keratin and found that 1-allyl-3-methylimidazolium chloride ([Amim]Cl) and 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) have good dissolution capabilities. 7 Idris and co-workers found that turkey feathers dissolve in [Amim]Cl, [Bmim]Cl, and [choline] thioglycolate up to 45 wt% at 403 K for 10 h under nitrogen atmosphere. Moreover, gel electrophoresis results show that the water soluble fraction has a lower molecular weight but it is still substantially polymeric. 10 A number of ILs and deep eutectic mixtures were also investigated by the same researchers for the dissolution of wool and it was found that the highest limiting solubility (up to 475 mg wool per gram of solvent) was achieved in [Amim]DCA. 2 The effects of the structures of ILs on the dissolution time of wool keratin and the properties of the regenerated keratin were studied in our previous work. 8 The results show that both cations and anions have effects on the dissolution capability and 1-ethyl-3-methylimidazolium dimethylphosphate ([Emim]DMP) requires a shorter time to dissolve the same amount of keratin than that of other ILs at 403 K. Although there have been extensive studies on the dissolution of keratin in ILs, research on the relationship between their structures and dissolution capability is still a challenging task.
Considering the high dissolution capability of the phosphate-based ILs, 8 herein, a number of ILs were designed to study the effects of ILs structures on their dissolution capabilities by investigating the dissolution time and properties of the regenerated keratin. The results indicate that both cations and anions have effects on the dissolution capability of the ILs and the higher the value of E N T and b, the shorter the time required to dissolve the keratin. The properties of the keratin regenerated from different ILs were studied using a series of methods, such as X-ray diffraction, nuclear magnetic resonance spectroscopy, disulde-sulydryl analysis, and thermogravimetric analysis. Moreover, the DEP-based IL/keratin solution has good prospects in terms of spinning, and [DBNE]DEP IL exhibits an excellent recycling performance. Thus, the relationship between the structure of ILs and dissolution capability play an increasingly important role in the dissolution of wool keratin and may open new avenues for the design and synthesis of new functional ILs in the future.
Experiment

Materials
Goat wool was provided by Henan Zhongrong Biotechnology Co., Ltd, and shattered into small pieces before dissolution. 1,5-Diazobicyclo[4.3.0]non-5-ene (DBN) was purchased from the Beijing Huawei Ruike Co., Ltd. Triethyl phosphate and trimethyl phosphate ($98%) were supplied by the Tokyo Chemical Industry Co., Ltd. N-Alkyl imidazole ($98%) was provided by Sinopharm Chemical Reagent Co., Ltd. Acetic acid was purchased from Xilong Chemical Industry Co., Ltd. 32, 33 The structures of the ILs are shown in Scheme 1. All ILs were puried by washing with ether and dried using an oil pump vacuum at 353 K for several days to remove any residual water. The water content of the ILs was measured using a C20 Coulometric KF Titrator (Mettler Toledo) before use (Table S1 , ESI †). The purity and structure of these ILs were analyzed via NMR and electrospray mass spectrometry (see ESI †).
Synthesis of ionic liquids
Dissolution and regeneration of wool keratin
About 1.3 g goat wool was added to the ILs, where 8 wt% was chosen as the mass ratio of the wool and ILs, and then magnetically stirred in a tube at 393 K. The degree of dissolution of wool keratin at a given time was investigated using an Olympus microscope via light scattering with a 200Â objective lens. Aer the wool keratin was dissolved, it was precipitated from the ILs solution by the addition of ethanol at room temperature and separated by centrifugation for 5 min at 10 000 rpm. The regenerated keratin was dried at 343 K for 2 days.
Characterization of the regenerated keratin
Nuclear magnetic resonance spectroscopy (NMR). NMR spectra were obtained at 600 MHz using a Bruker spectrometer. All samples were measured as solutions in the deuterated dimethyl sulfoxide. Solid state 13 C NMR spectra of wool and
Scheme 1 Chemical structures of the ILs used in this study.
regenerated keratin were acquired by a 400 MHz WB solid-state NMR spectrometer using a 4 mm rotor under the following conditions: RF eld of 62.5 kHz, 90 pulse, 4.17 ms, and 101 W.
Hydrogen-bond basicity and polarity. The solvatochromic dyes, 2,6-diphenyl-4-(2,4,6-triphenylpyridinio)phenolate (Reinhardt's dye 30), 4-nitroaniline, and N,N-diethyl-4-nitroaniline were used to determine the polarity (E N T ) and hydrogen-bond basicity (b) of ILs. The dyes were added to a small vessel as a concentrated dry dichloromethane solution, and then dichloromethane was carefully removed before the ILs were added. The mixture was thoroughly stirred. The ionic liquids solutions were transferred to a quartz cuvette, and then placed into the sample cell of a UV 2550 UV-vis spectrophotometer. The temperature of the sample cell was maintained at 298 K by water circulation. From the wavelength at the maximum absorption (l max ) determined, the E N T and b were calculated using the following equations:
Disulde-sulydryl. Colorimetric reactions were carried out under the conditions described by Thannhauser et al. (1987) .
36
The content of disulde group was determined by calculating the difference between the thiol group content before and aer the reduction of the disulde bonds with sulte. Free thiol groups were studied using a solid phase assay under the conditions reported by Chan and Wasserman (1993) . 37 An extinction coefficient of 13 600 M À1 cm À1 was used to calculate the number of sulfur-containing groups.
38
Fourier transform infrared spectroscopy (FT-IR). Fourier transform infrared spectra of the samples were acquired in the wavenumber range of 500-4000 cm À1 using a Thermo Nicolet 380 instrument. Spectra were obtained under the conditions of 32 scans and a resolution of 4 cm À1 . All the spectra were baseline corrected. Crystallinity analysis [X-ray diffraction (XRD)]. X-ray diffraction was employed to examine the crystalline structures of wool and regenerated keratin. Data were obtained using a Bruker D8 Focus instrument, and the X-ray tube was operated at 45 kV and 200 mA with 2q ranging from 5 to 50 at a scan speed of 0.05 s À1 . The crystallinity index (C.I.), which indicates the relative degree of crystallinity, has been used to characterize the keratin bers for a long time and was calculated using the L. Segal method as shown in the following equation:
where C.I. is the crystallinity index, I 9 is the maximal intensity of the crystal lattice diffraction with a 2q at around 9 , whereas I 14 is the minimal diffraction intensity with 2q at around 14 . It is believed that a high C.I. value indicates high crystallinity of the sample.
39,40
Thermogravimetric analysis (TGA). The thermal stability of the wool and regenerated keratin was investigated via TGA (Q5000 V3.15 Build 263). Approximately 5-10 mg of the sample was heated from 303 to 1173 K under a dynamic nitrogen atmosphere at a heating rate of 10 K min À1 .
Rheological measurement of the keratin solutions. The rheological properties of the keratin solutions were studied using a parallel plate type rheometer (Discovery HR-2 hybrid rheometer). First, the solutions were degassed under vacuum for 24 h before measurement. The measurements were performed within the temperature range of 313-393 K, and the shear rate (g) was 0-600 s À1 . The non-newtonian index is the degree of the non-Newton uid deviating from the Newton uid. As is known, the power law relationship of the Ostwald de Waele model is a useful form of expressing the ow behavior,
where g (inverse seconds) is the shear rate, s (pascal) indicates the shear stress, and n and K are the non-newtonian index and the consistency index constants, respectively. The nonnewtonian index, n, is the slope of log s ¼ f(log g).
41,42
3. Results and discussion
Dissolution process
According to the previous reports, 7,10 temperature is an important inuencing factor for wool dissolution, which affects the solubility of the wool keratin and properties of the regenerated keratin. Based on our previous study, the experiments were conducted at 393 K. Moreover, the mass ratio of wool keratin to ILs also affects the dissolution of wool keratin; therefore, herein, 8 wt% was chosen as the consistent percentage.
A microscope was used to observe the dissolving process of the wool bers in the ILs. From Fig. 1 , it can be seen that the wool keratin bers were initially thick and long and gradually became thinner and shorter with the increasing dissolution time. Finally, they completely dissolved in the IL.
The yields of the keratin regenerated from different IL solutions were also studied. [DBNE]DEP solution is higher than that regenerated from the other IL solutions. Therefore, the optimal IL should be obtained by overall considering the time taken to completely dissolve 8 wt% keratin, the yield of the regenerated keratin, and the properties of the regenerated keratin. The effect of cations on the dissolution time for wool keratin was also investigated using the same method, and the results are listed in Table 2 . It can be seen that the dissolution times were 1. 
Effect of the structure of the IL on the properties of the regenerated keratin
Crystallinity analysis. The properties of the regenerated keratins, including crystallinity, a-helix and disulde bond contents, and thermal stability, is another factor to evaluate the dissolution capability of a solvent for goat wool. The crystallinity of the keratin regenerated from different ILs was studied via Xray diffraction. From Fig. 2 , it is clear that two crystal structures are typically observed from the patterns of the regenerated keratins and raw wool. According to previous reports, 2,7 the large peak at around 9 is attributed to the a-helix structure and the other peak at around 20 is due to the b-sheet structure. It can also be seen that the diffraction patterns of the regenerated keratins are similar to that of the raw wool, with the peaks at around 9 being signicantly weaker for the regenerated keratins than that of the raw wool. This phenomenon indicates that the regenerated keratins have a lower content of a-helix structure, which is also conrmed by the trend of C I value, discussed later. C I is the relative degree of crystallinity of the regenerated keratin compared with that of the raw wool. Fig. 3 shows that the regenerated keratins have lower crystallinity compared to that of the raw wool, which suggests that the regenerated keratins could not completely reconstruct the tight arrangement of the polypeptides existing in the raw wool. Especially, the keratin regenerated from [DBNH]OAc has the lowest C I value, which indicates the most serious structural damage and poor spinnability. It can also be seen that the C I value of the keratin regenerated from [DBNE]DEP is greater than that of the keratin regenerated from [Emim]DEP, which is in accordance with the trend of dissolution time. The lower the crystallinity of the keratins, the more serious the degradation suffered by the keratin. Therefore, it is important to consider the crystallinity while choosing ILs as solvents for wool keratin.
FT-IR analysis. FT-IR spectra are also used to analyze the structures of the raw wool and regenerated keratins, and these spectra are compared in Fig. 4 . The characteristic absorption bands are consistent with the previously reported. 44 The spectra of the keratins regenerated from different IL solutions are similar to that of the raw wool, and the main structures (amide I, II, and III) were maintained, which indicates that the peptide bonds were not strongly affected in the processes of dissolution and regeneration.
13 C NMR analysis.
13
C NMR analysis was used to investigate the subtle change in the structure, and the spectra are shown in Fig. 5(a) . The chemical shis of these samples are similar to the previously reported values.
2,10 All the spectra display an asymmetric peak between 169 ppm and 174 ppm, which corresponds to the carbonyl carbons of keratin. The a-carbons are observed at 54 ppm, whereas the b-carbons are observed at 40 ppm.
2,10
The NMR spectra of the regenerated keratins are similar to that of the raw wool, which indicates that the main structures of the keratins were retained. The secondary structures of keratin, including a-helix and bsheet, lead to a slightly different chemical shi of C]O in the NMR spectrum. Therefore, the deconvolution of C]O peaks was used to estimate the percentage fraction of the a-helix and b-sheet, and the results are presented in Fig. 5(b) . The tting of the C]O peaks consists of two peaks. Taking the spectrum of raw wool as an example, the peak at 171.9 ppm is assigned to the a-helix of keratin, whereas that at 168.9 ppm is attributed to the molecular conformations of the b-sheet. Detail data is shown in Table 3 . With a decrease in the dissolution time, the content of a-helix decreases, which indicates that the dissolution of wool using more effective ionic liquids results in a much stronger cleavage of the hydrogen bonds and disulde linkages. The data are also well consistent with the corresponding X-ray diffraction patterns.
Quantitative changes in the disulde bonds. Disulde bonds, which could serve as crosslinking sites to form the water-stable bers, are mainly responsible for the high stability and hardness of the bers. The quantitative changes in the disulde bonds in the keratins regenerated from different ILs were determined to further understand the microstructural changes, and these results are shown in Fig. 6 . With the decreasing dissolution time, which the ILs require for the complete dissolution of goat wool, the content of the disulde bonds signicantly decreased from 113 nmol mg À1 to 2 nmol mg À1 , which indicates that the disulde bonds were seriously destroyed in the dissolution process, which is in accordance with the trend of crystallinity. Thermal stability analysis. The thermal stability of the raw wool and regenerated keratins was investigated via TGA. From  Fig. 7 , it can be seen that two stages of decomposition are observed in all cases. There is a small weight loss at about 373 K due to the evaporation of the incorporated water. The second decomposition between 513 K and 723 K could be attributed to the denaturation and degradation of the keratin molecules.
2,10,25
According to a previous report, 45 the disulde bonds are cleaved between 503 K and 523 K.
The decomposition temperature (T d ) is dened as the start temperature at which the sample has a weight loss of 5%, and the results are shown in Fig. 8 . It can been found that the T d of raw wool and regenerated keratins is between 517 K and 521 K, with the thermal stability of the regenerated keratins being slightly higher than that of the goat wool, which is in accordance with the previous reports. 8 The thermal stability of the keratin regenerated from [DBNE]DEP is higher than that of the keratin regenerated from [Emim]DEP and [DBNH]OAc, which is also consistent with the trend of crystallinity.
Dissolution capability
ILs, which have high dissolution capabilities, must meet the requirements of short dissolution time and high mechanical performance for the regenerated keratin, which possesses high crystallinity, a large a-helix content, strong thermal stability, and low disulde bond break ratio. The dissolution capabilities of the various ILs were compared, and Fig. 9 illustrates the relationship between the break ratio of the disulde bonds, content of a-helix in the regenerated keratins, and dissolution time. With a decrease in the dissolution time from 3.5 h to 0.33 h, the break ratio of the disulde bonds signicantly increased from 40.64% to 98.26% and the a-helix content was reduced from 57.88% to 4.53%. In particular, the dissolution time of [DBNE]DEP was 3 h, and its disulde bonds break ratio and a-helix contents were 53.46%, 57.88%, respectively, which means that [DBNE]DEP is the best IL to dissolve the wool keratin with the highest dissolution capability.
Rheological property
The rheological property of a keratin solution is a signicant parameter in the spinning of keratin laments, which are broadly used in many elds. The rheological property of the IL/keratin solutions using the DEP based ILs were studied. Fig. 10 shows that with an increase in the shear rate (g), the viscosity (h) decreases and the logarithmic curve of the shear stress (s) and shear rate (g) shows a good linear relationship. According to a previous report, 8 the higher the value of the non-newtonian index (n), the better the spinnability of a solution. The nonnewtonian index, n, of the DEP IL/keratin solutions at different temperatures are shown in Table 4 . The values of n, which rst increase, and then slightly decrease, are all about 0.8, which indicates an excellent potential for spinning. Moreover, the best spinning temperature range for the [Emim]DEP IL/keratin solution at 8 wt% is 343-353 K, whereas that for the [DBNE]DEP IL/ keratin solution at 8 wt% is 323-333 K, which indicates less energy consumption. Therefore, the solvent and spinning temperature must be carefully chosen to improve the quality of the spinning.
Recycling of the ionic liquids
From the perspective of economic and environmental protection, the reusability of the [DBNE]DEP IL was investigated. Aer the regeneration of keratin from the IL solution, the liquid phase was condensed by rotary evaporation to recycle the IL. Successive dissolutions were performed ve times with the recycled IL at 393 K. The results suggest that the wool keratin can completely dissolve in the recycled IL, and the FT-IR results indicate that compared with the pure IL [DBNE]DEP, the spectra of the recycled IL aer 5 runs remain unchanged (Fig. S2 †) . Electrospray mass spectrometry results suggest that the molecular weight of the cation and anion of the recycled IL aer 5 runs are similar to that of the pure IL [DBNE]DEP (Fig. S3 †) . All these results indicate that the structure of the recycled IL remains unchanged, which is consistent with the 1 H NMR result. The thermal stability of the keratin regenerated from the 5th recycled IL solution is same as that for the keratin regenerated from the rst run (Fig. S4 †) . These results also indicate that [DBNE]DEP has a good reuse property.
Conclusions
In summary, the structures of ILs have an important effect on their dissolution capability for wool keratin because they inuence the polarity and hydrogen bond basicity of the ILs, which results in different dissolution times and properties of the regenerated keratin. Several ILs exhibit excellent dissolution capabilities. In particular, the dissolution time for [DBNE]DEP to dissolve 8 wt% wool keratin is 3 h at 393 K. performance for recycling and ber spinning. In light of economics and the environment, [DBNE]DEP is the best IL and it shows a good potential for industry application and studies on the relationship between the structure of the IL and dissolution capability will provide a direction for future research.
